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Local Microstruc;uﬁal Modification 1n uynahically Consolid#ted Metal Powders
W. H. Gourdin ’,
Univeréity of California
Lawrence Livermore National Laboratory
Liveimore, CA 94550
ABSTRACT
Powders of 4330V steel, aluminum-6% silicon, and copper powders have been

dynamically consolidated under well-characterized conditions using shock
waves. Different regions in the final microstructures correlate well with the
shock conditions during compaction, demonstrating the importance of the shock
. history in determining the final microstructure. Martensite is observed to
form 1ocally at powder particle sﬁrfaces in compacts of.@330V steel, and
interparticle melting and rapid res;lidification are observed in compacts of
" aluminum-6% silicon. Microprobe analyses of ioca11y melted regions in the
aluminum dlloy indicate a homogeneous distribution of 6% silicon, well above
the maximum equilibrium solid solubility. Comparison with tﬁe structure of
“splat caps,” found in the Starting powder, suggests that locally melted
regions experience a cooling rate comparabie to that obtained in splat
quencning. The extent of martensite formation and local.melting are in good
agreement with current models for energy deposition at powder particie

surfaces during consolidation. The general implications of the analysis and

observations are discussed.



INTRODUCTIGN

Dynamic consolidation is curreqt]y of considerable interest as a means of
forming monolithic bodies from rapidly solidified or metastable powders {1-10].
The technique, in which shock waves are used to mechanically drive_the powder -
to high density, is unique in that energy is deposited primarily at particle
interfaces {11]. This can restrict accompanying microstructural changes in
the powder particles to the near-surface region, producing localized melting
and phase transformation [1-7] without substantial alteration of the interior.

In this paper, the microstiructures of dynamically compacted 4330V steel,
aluminum-0% silicon, and copper powders, formed under well-characterized
conditions, are presented and discussed in teims of an energy flux model of
energy deposition during consolidation [11,12]. The experiménts explore a
range of i‘elevant compaction conditions and material and powder properties.
The material characteristics and experimental details are first briefly
considered, followed by a presentation of the microstructural observations.
These observations are analyied iﬁ terms of both the known shock history of
the specimens and the energy deposited in the powder. The implications of the
- observations and analysis are then discussed, with particular regard to the
influence of powder characteristics on the final microstructure.

EXPERIMENTAL
Starting Materials

Three powders were studied: inert gas atomized 4330 vanadium-modified
steel (4330V), ultrasonically atomized aluminum-6% silicon alloy, and'
irregular copper. These were chosen to represent a range of material and
powder,gharacteristics. summarized in Tables I and II, respectively. ODynamic

consolihation of & spherical copper powder is considered elsewhere Li1,13].



4330V _
The opticaI microstructure of phe as-received 4330V powder is shown in

Fig. 1 and consists of fine laths of.martensite similar to those observed in
oil-quenched 4340 steels (14]. X-ray diffraction analysis shows a small
amount of retained austenite as well. Scanning electron micrograpﬁs reveal a
generally spherical particle shape, with small (5 to 20 um) spherical
nodules on the surface of many powder particles (Fig. 1). These nodules
apparently separate individual particles, an effect which, together with a
limited size distribution, reduces the packing density to oniy 50% of the
solid density (Table II). | ‘

Aluminum-6% Silicon
The structure of the aluminum-6% silicon alloy powder 1s shown 1in

Fig. 2. Surface nodules are present, as in the steel, but the large fraction
of fine particles yieids a higher packing density (Table II). The optical
microstructure consists of a distinctive pattern of silicon precipitates
surrounding aluminum ceils. X-ray diffraction analysis indicates that the
amount of silicon in solid solution in these cells does not exceed the maximum
equilibrium solid solubility, about 1.65 wt® [15]. As shown in Fig. 2,
however, some of the larger particles have at their surfaces the remnants of
liquid aroplets struck by already-solidified péwder particles during the
atomization process. Microprobe analysis, Fig. 3, shows that these !'splat
caps” contain approximately the same average amount of silicon as the
surrounding particles, but that fluctuations in the silicon content are
substantially less, ihdicating a much more homogeneous distribution. Some
structyre is apparenf within the splat cap, however, (Fig. 3a) and 1t is not
clear Jﬁether the microstructure consists of a metastable.solid solution or

merely a distribution of fine silicon precipitates. Nevertheless these
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observations suggest that such regions experienced significantly more rapid

cooling than the particles themselves.
Copper .
The copper powder is distinguished by its very low packi ng density and
irregular sponge-iike character, shown in the micrographs of Fig. 4. Small
particles are agglomerated to form a highly porous mass that has a large

specific area.
Compaction Experiments

The compaction assembly used in these experiments, shown in Fig. 5, was
designed to produce an initially planar, one-dimensional shock in the first
2 mm of the powder specimen. The powder was placed in a cavity 8 mm deep by
57 mm in daiameter machined in a 50-mm-thick block of mild or 304 stainless
steel. A planar shock generated by an explosive was transmitted to the powder
througnh a 6.35-mm-thick copper driver plate. The stress history of the
specimen was modified in some experiments by a 1.5-mm-thick mild steel plate
placed between the copper driver and the powder. This steel plate undergoes a
pilase transformation at 13.0 GPa [16] which produces multiple shock states in
the powder, discussed in more detail subsequently. This effect is eliminated
by using a 0.13-mm-thick 304 stainless steel cover, which does not u_ndergo a
phase transformation and has an exce'llent-acoustica'l impedance match with the
copper driver. The thin cover i1s necessary to prevent extrusion of .the copper
into the interstices at the surface of the powder specimen.

Two well-characterized explosives [17 at three densities were used in
these experiments (Table I1I). Equations of state are available for these

materials L17,18), making possible reliable calculations of the stresses

producé'd in the copper driver and powder specimen. To verify these

calculations, calibration experiments were performed tb measure the stress
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delivered to. the copper driQer platé.- These results are also summarized in
Table III, and the agreement with calculation is excellent. Variations in the
compaction stresses produced by a single type of explosive can occur beﬁause
of slight differences in packing. Such small deviatfons can be estimated from.
the changes observed in the measured detonation velocities [19].
Hétallographic Specimen Preparation

Standard techniques were used in the preparation of metallographic
specimens. Because of the curvature* of the compacts 1t was generally
possible to section them only in a plane perpendicular to the shock front.
This allowed easy observation, neaf the axis of the specimens, of the effects
of a simple one-dimensional shock,- However, one specimen (3P, Table IV) was
sectioned parallel to the shock front as well, at a depth corresponding
approximately to the region of maximum shock stress. The measured amount of
transformed material in this ﬁlane was determined by a Tineal analysis to be
about 21%. Given the uncertainties of measurement, this corresponds
reasonably well with values obtained from sections perpendicular to the shock
front (26 to 32%, Table IV).” It is concluded that:asymmetries in the
distribution of the shock-induced strdcture are nof large.

| RESULTS

A11 specimens were cracked to some degree, the result of radial and axial
stress release as well as late-time distortion of the compaction fixture.
Such cracking had no significant effect on the microstructural observations of
interest here, and no attempt was made to optimize the compaction assembly to
eliminate it. Cracking does reduce thg density of the compacts, so that the

-

*Bendiﬁg of the specimen occurs only after the initial shock has passed

through, and compacted, the powder.



measured average densities given in Tables IV, V and VI may be slightly less
than those of the solids even at the highest stresses. However, the stress at
which complete densification is achigved can be inferred from Hugonfot data.
£19,203.* | | '

4330V

The results of experiments on the 4330V steel powder are summarized in
Table IV. Although all the final densities ire near the solid value, complete
densification is not achieved for compaction stresses less than about 3.0 GPa
L11,19,20). As the stress is increased, the compacts become increasingly well
bonded, and all1 specimens except 1P show good integrity despite cracking.

Compacts formed at stresses below 3.0 GPa show 1ittle evidence of either
interparticle bonding or microstructural modification. Close examination of
the microstructure of specimen 1P reveals thin, 1 to 5um, layers of what
appears to be martensite between some pow@er particles, Fig. 6, but such
layers are not a dominant feature of the microstructure [19].

The microstructures of samples 2P and 3P, Figs. 7 and 8, are clearly
divided into three regions near the impact face. The initial region,
immediately adjacent to the impact face in coﬁthct vrltl_l the mild steel cover
plate, shows no obvious thermal modification. Its thickness decreases with
increasing shock stress, from 150 to 200 um for 2P (Fig. 7) to about 70 to
100 um (one medfan particle diameter) for 3P (Fig. 8).

The second region contains substantial amounts of untempered martensite,
formed locally at the interfaces between unaltered powder particles, a

microstructure similar to that observed by Horris E7.21]. Microhardness

Il

*The Hdﬁoniot 1s the lTocus of stress-volume states achieved upon shock 1oading.

See References 11 and 20 and the references therein.
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measurements show the martensite to have a hardn_e;s of 644 kg/liinz. comparable
to the hardness of untempered martensite in quenched wrought steels [22], but
significantly greater than the hardness of the particle interiors (456 kg/mmz).
The amount of martensite 1hcreases with increasing stress and forms a

continuous interparticle phase in 3P (Fig. 8). Lin€al analysis shows that 21%
by volume of the powder has been trihsformed in 2P and 32% in 3P. Image

analysis gives somewhat smaller values (Table IV). Although 1t 1s assumed
here that all of the austenite which forms locally is converted to martensite,
some “"tempering” may result from slower local cooling rates or higher residual
temperatures. Close examination of martensitic regions in 3P, Fig. 9, reveals
structure which may indicate such an effect. |

The third region in these specimens begiﬁs 600 to 700 um from the
impact face and consists of a gradually diminishing amount of interparticle
martensite dispersed between otherwise unaltered partfcles. It is significant
that this depth, unlike the thickness of the first region, does not appear to
be a strong function of the stress level.

Experiments without the steel cover plate (17P, 18P) do not show the
initial region at the impact face. Sample 18P shows considerable modification
(Fig. 10), but the 1nterparticd1ate material has the appearance of a tempered
martensite, possibly the result.of a high residual-temperature [19]. Thg
thickness of the altered region is 600 to 800 um, comparable to the combined
thickness of the first two regions in samples 2P and 3P.

Direct evidence for iﬁterparticle melting within particles was not found
in any of the steel compacts. However, the good integrity of several
specimens formed at highér'stresses indicates that some localized melting may
have oé;urred. The extent of melting estimated using the energy flux model

L11), descrived subsequently, is summarized in Table IV.
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Aluminum-6% Silicon

Experiments with the aluminum-6% silicon powdér [5.11.19] show that at
stresses below 1.7 GPa no substantial ponding or microstructural modification
occurs. For stresses above 1.7 GPa (Table V), however, regions of locally
modified material begin to appear at powder particle interfaces. These
regions, an example of which is shown in Fig. 11, have an internal structure
similar to that of the splat caps observed in the starting powder, but are
distinguished by their irregular appearance and intimate association with
surrounding particlés of unaltered microﬁtructure. A microprobe scan of a
modified region in sample 11P, shown in Fig. 12, reveals a much more
homogeneous distribution of silicon than in the surrounding particles, and
quantitative analysis [19] shows an average silicon content within the
modified zone of 6.0 to 6.5%. These observations indicate that the modified
material has melted and resolidified rapidly during consolidation. Comparison
with Figs. 2 and 3 confirms the similarities with splat caps and suggests that
cooling rates following surface melting are af least as rapid as those
encountered in splat quenching [23,24], sufficient-to form an extended solid
solution of 6 to 7% silicon in aluminum [25]._ Calculated cooling rates
support this conjecture [7, 11]. While it is not clear how mixing of the
components occurs within the melted regions, material moves rapidly enough
(0.5 to 1.0 km/s) during compaction [11] that during 5 rise time of 0.01 us
mixing might readily occur over distances of the order of 5 um, comparable
to the cell size of the powder (Figs. 2 and 3). The details of the local flow,
" however, are complex and are beyond the scope of this paper.' The extent of
1nterp9rt1c1e melting, as determined from a 1ineal analysis of the

microgﬁaphs. is summarized in Table V.



The triplex microstructure observed in-4330V compacts formed with mild
steel covers is also observed in aluminum-6% silicon specimens consolidated
under similar circumstances. This is shown for sample 11P in Fig. 13. The
initial region extends approximately 250 um from the impact face.

Thereafter, a layer containing locally mglted matertal extends to 5 depth of
600 to 700 um, as observed in the steel compacts. Local melting 15 not
uniform through region II at this stress level (2.6 GPa) although at higher
stresses (3.5 to 4.0 GPa) it produces a continuous phase between unaltered
powder particles (Fig. 14). The triplex structure is absent in experiments
(16P, 19P) conducted without the ﬁild steel plate.

Copper

The results of a single experiment on the copper powder are summarized in
Table YI. Although interpretation of the consolidated microstructure is
hampered by the irregular shape of the powder particles and the lack of a
distinctive microstructural features, no unambiguous evidence for localized
melting was observed. Considerable material flow is evident, however (Fig.
15). The absence of local microstructural changes-~distinguishes the copper
compacts from those formed from either the steel or aluminum powders under
similar conditions. This is primarily a result of its irregular morphology
L11], as discussed subsequently.

ANALYSIS

The distinguishing triplex structure common to specimens compacted with a
mild steel cover plate is produced by a phase change in the steel cover
(11,16,19]. The interactions of the various shock and release waves in the
specimen as a function of time are summarized in the position-time plot shown
in Fig;fls. Two waves form in the steel as a result of the phase change, the

faster having ah amplitude of 13.0 GPa and tiie siower an amplitude determined
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by the stress in the copper driver. The 13.0 GPa wave introduces a shock in
the powder sufficient to compact it to nearly solid density, but insufficient
to cause significant thermal modification, thus forming region I. Because the
speed of the second shock through the plate and'the precompacted powder
increases with shock amplitude, the thickness_of region I decreases with
increasing driving stresses [19]. The second wave reshocks densified material
in region I, but the reshock energy, which is small relative to the energy of
the initial shock [11], 1s not deposited preferentially at particle boundaries
and hence does not produce local.effects of interest here. When the second
wave catches the first, however, a single stable shock forms. The.energy
deposited behind this single shock is significantly greater than behind the
initial wave [11], and produces the highest surface temperatures and the
greatest amount of thermal modification, region II. After the second wave has
propagated some depth into the compact, release of the stress will begin. In
fact, for the fixture shown in Fig. 5, release will occur radially as well as
axially and the details of the process do not follow the simple one-dimensional
diagram of Fig. 16. Nevertheless, the depth at which microstructural
modification begins to decrease should be roughly constant for similar powders
compacted under comparable conditions. For these experiments this is 600 to
800 ym.

The extent of microstructural modification within a region can be
estimated using an energy flux model. This approach is descffbed in detail
elsewhere [11,12,19] and only the principal features are presented here.

The energy behind the shock wave is deposited at the surface of powder
particles over the rise time of the compaction shock, which 1s given by

T=D/Vs . (1)
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where D is a pllysicdl particle size, taken to be the median diameter (11], and
Vg is the shock speed. If the powder is brought to nearly full density by
the passage of the first shock wave, most of the energy is deposited by this
first shock L11]. The net specific energy deposited in the powder by the

compaction shock is then simply

E= Es'Er ’ (2)
where Es is energy behind the shock given by the Hugoniot relationship
Eg = (1/2)P(Vy-V) , - (3)

and Er- is energy regained upon release. Here Vo is the initial specific
volume, and V and P are the specific volume and stress benind the shock wave,
determined from the powder Hugoniot (11,20]. The average flux incident on the
surface of powder particles is just

Fo=EA A, (4)
where A is tne measured specific area of tile powder. This flux is assumed to
be constant.and uniform for a time t, after which it falls to zero and
adfabatic conditions prevail. The "typical™ powder particle used in the
thermal analysis is assumed to have the area equivalent diameter @ given by

D=6h A, | _ (5)
where s is the solid density. Use of @ insures that temperatures at long
times approach -the average residual femperature, E/cp, where (:p is the
specific heat. It also takes into account, through A, differences in powder
morphology.

With these assumptions, the equation %% =q¥ Tz, where T is the
temperature and a the thermal diffusivity, can be solved in spherical
coorainates subject to the boundary condition of constant energy flux at the
surface of a powder particle of diameter @. The calculated temperétures and

heating and cooling rates indicate microstructural changes that may occur.
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Tne progress of a given phase change can_be‘determiﬁed by following its
1sotherm, and the volume fraction transformed can be estimated from the ratio
of the volume transformed at maximum penetrgtion of the isotherm to that of
the model particle. Because it averages the'enérgy distribution over all
availavle powder surface area, this ana]ysfs can statistically describe the
type and average extent of modif}cation_but cannot predict the detailed
distribution of such changes. |

This model has been applied to the experiments described here [i1] and
the results are summarized in Tables IV, V and VI. ‘In calculating these
results it was assumed that the austenite transformation for the 4330V occurs
at avout 807°C L11] and that all of the austenite is retained as martensite.
The eutectic temperature of 577°C [15] was used to evaluate the aluminum-6%
silicon specimens. Alternative use of the 1iquidus, 615°C, will not
significantly change the results. Considering the elementary nature of the
approach, the overall agreement.is good, particﬁlarly for the aluminum
compacts and the steel compacts in region II, where reliable measurements of
the volume fraction of transformation can be made.* |

DISCUSSION

The surface.temperature varies roughly as the flux F {11]. Hence,
from Eq. (4) it follows that maximum local thermal_modification of the
microstructure occurs in spherical powders, which have small surface, areas and

rise times ,11;. Similarly, high surface area, low density irregular powders

*Because tne acoustical impedance of aluminum is significantly lower than
that of copper or steel, the shock history in the aluminum powder is more
compléx than indicated in Fig. 16. Hence, in Table V only.an.faverage'

region II has been included (see Ref. 19).
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have low surface temperatures. The results -reported here are consistent with
this description, and the irregular copper, while it 1s easily densified, shows
no localized melting between powder ﬁarticles at moderate stresses. Although
considerable material flow and mechanical interlocking between particles occurs.
(Fig. 15), there is no metallurgical bonding. The area-equivalent diameter

for tnis powder is small (Table 1I) indicating that energy deposited at the
surface is quickly diffused throughout tie interior of the powder particles
with 1ittle preferential heating of the surface, and surface temperatures only
slightly exceed the residual temperatures (Table VI).

From a metallurgical viewpoint, 6ne generally wishes to minimize
thermally induced ciianges in the'initial_powder microstructure. This requires
that the residual temperature, and thus tﬁe energy, be minimized subject to
the constraint that tie surface temperatures be high enough to yield sufficient
melting for adequate interparticle bonding. For a monosized spherical powder
it can be siiown _11] that the maximum surface temperature increases with
increasing particle diameter. This implies that the energy input required to
achieve a specified degree of melting or transformation must decrease with
increasing particle diameter. This is 11lustrated 1n Fig. 17, which was
calculated, using the energy flux model, for'incipient melting at the surface
of a hypothetical monosized 4330V powder particle. The corresponding residual
temperatures in the consolidated body are'aiso.given. Clearly, the residual
temperatui-e must be Tower than'the temperature at which significant bulk
modification of the powder microstructure begins. 'If the maximum resfdual
temperature is fixed, the powder particle size cannot be smaller than the size
determﬁned from a plot such as Fig. 17, otherwise the energy required to
induce ﬁocalized meiting will be too large. Althougn alternative bonding

processes, such as uiffusion bonding, may lower the energy necessary to produce
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a well-bonded compact, it is apparent that #t may be impossible to produce
desired local microstructural changes in very fine powders without altering
tieir bulk structure. The size chosen for compaction must be a compromise
between the fine size required for rapid Solidificatioh.during powder
manufacture on one hand and the compact properties and preservation of the
powder structure following consolidation on the other. A broad powder size
aistribution will displace the calculated curve in Fig. 17 to larger energies
at a given median particle size, but the form of the curve wiil not change.
The local microstructural changes produced in compacted specimens depend
not only on the local (short time) cooling rate (controlled solely.by the
thermal properties of the powder material), but also on the marcroscopic (long
time) cooling rate (determined by the geometry and thermal properties of the
surroundings as well as the compact). Rapidiy Qolidified structures which
form at particle interfaces during dynamic consolidation may be'altered if the
residual temperature is too high and is not dissipated quickly. The mottled
appearance of some of the interparticle melt regions formed in compacts of
,, aluminum-v% silicon (Figs. 11, 12 and 14) and the tempered martensite
character of tne microstructure of sample 18P (Fig. 10) may be the result of
such conditions. In contrast, the residual temperatures in the steel compacts
(Table IV) can exceed the martensite formation temperature, Ms- (Table I), even
in those regions where localized martensite has clearli formed (Figs. 7 and
8). A simple calculation (27] shows that a compact 3 mm thick will come into
thermal equilibrium with its surroundings in iimes of the order of 0.3 to 1
seconds. This is rapid enough to form martensite in the 4330V provided that

the equilibrium temperature is below the M, temperature [28). The conditions

which ﬁ}evail lbng after compaction has occurred are not known in detail,
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however, and a realistic assessment of the macroscopic cooling rates {s
difficult to make. It is not clear why specimens compacted under similar
circumstances have microstructureg which indicate significantly different
macroscopic cooling rates (compare Figs. 8 and 10).

SUMMARY AND CONCLUSIONS -

Powders of 4330V steel, aluminﬁm—é% silicon alloy, and copper have been
dynamically consolidated under well-characterized conditions. The
microstructures of the compacts have been described and analyzed in terms of
an energy flux model for energy'deposition at powder particle interfaces. It

is concluded that:
1. Knowledge of the shock history is essential to the interpretation and

control of the microstructure of the consolidated body.

2. For the steel and aluminum-6% silicon powders, both of which have a
basically spherical morphology, the compaction shock energy is primarily
deposited at the surfaces of powder particles during consolidation, and
dissipates via thermal diffusion. Martensite formation and melting,
respectively, occur locally near particle interfaces.

3. No local microstrucfural modifications are observed in compacts
formed from irregular copper powder. This result is consistent with
predictions based on the energy flux description of energy deposition
during consolidation.

4. Cooling rates at powder particle surfaces can be as high as those
acihieved during splat quenching, consistent with the formation of a
homogeneous distribution of silicon observed in locally melted regions of
alyminum-ﬁ% silicon alloy compacts. The macroscopic cooling rate may
afso determine in part the micrbstructure of the final compact.

5. Residual temperatures following compaction at stresses sufficiently

-15-



high to induce desired surface modifications may produée undesirable
changes in the final compact microstructufé. The minimum powder particle
size suitable for dynamic compaction is fixed by the maximum residual
temperature.
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Table I. Material Properties.

Properties 4330V - Al + 6% Si Copper

Composition (wt%) 0.3 C, 1.8 M, 0.8 Cr 0.073 1 Cu
_ 0.4 Mo, 0.07 V, Bal Fe Bal A :

Density (103 kg/m3) Co7.88 2.69 8.92
Melting temperature (°C) 1452-1563 : §5773.615 1084
Specific heat (103 J/kg-°K) 0.67 1.05 0.438
Thermal conductivity: Solid 0.5 2.3 3.7
(102 W/m-*K) Liquid 0.5 1.0 1.1
Thermal diffusivity: Solid . 0.096 0.82 0.95
(104 w?/s) Liquid 10,09 0.35 0.28
Latent heat (105 J/kg) 2.7 4.0 . 2.05
Martensite temperature, Mg(°C) 302 - -

aEul:et:tic: temperature.

Y
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*  Table 11, Powder Characteristics.

Characteristics sy AL 6651 Copper

Packing density: (103 kg/m3) 3.89 .81 2,73

(% solid) 50 _ 67 N
Morpholagy Spherical | Spherical _Irreguhr
Plrt_ic]e size range hm) =177 + 44 =250 -125 + 63
Median particle size (im)? .70 30 70
Specific surface (m2/kg)P - 32 '_ v 145 94
Area-equivalent diameter, P (im) T 23.9 - 15.4. 7.15

A5jeve size.
bBET method.

Y
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. Table III. Explosive Characteristics.

Stress in Copper Driver

De!sitya v d' Ca Iculatedb Measured
Type (10 kw/m" ) (km/s) (GPa) (GPa)
PETNA 0.88 4.86 15.0 T 2.9
PETNB 0.95 5.34 16.0 14.8
HMX 1.15 6.3 20.0 19.0

8petonation velocity.
bcalculated at the explosive copper interface.
CMeasured after traversing 6.35 mm of copper.
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Table IV. 4330V Experimental Conditions and Comparison with Calculations.

e —— — 4

- Average Calculated Calculated :
final Residual waximum extent of Extent of transformation
dsnsi ty, Stress 5E § ux , temp. surface temp. melting ‘Vol %) b

Exp. Expl. (10" kg/m”) Region (GPa) (10” J/kg) (10 W/m) E/Cp(°C) T s("(:) (Vol %) Measured Calculated
1P PETNA 7.38 - 2.4 1.60 0.79 239 1486 0 ™ 13
2pd  PETNB 7.65 I 2.85 1.60 0.88 239 1562 € 2 M 14
11 3.85 2.21 1.41 330 2125 7 21

21(11)

111 3.6 2.06 1.25 308 1942 5.5 19
wd 7.66 1 27 1.64  0.88 245 8BE 2 - m 1]
11 5.55 3.55 2.68 531 3736 15.5 36
. 32(26-28) '
111 4.8 ‘ 3.06 2.125 451 3097 . \13 } 30
17 PETRB 7.70 - 2.9 1.92 1.05 287 1730 : 4 M 17
18P HMX 7.53 - A7 2 ° aw 466 - 3129 13 NC . 3

aThe first values are from 1ineal analyses. Values in parentheses were obtained by Quantime® 1image analysis. NM means

transformed material was observed but the volume fraction was too small to measure. NC means contrast was not sufficient for a
satisfactory analysis.

bg807°C 1sothern.
CLatent heat neglected. .
dMild steel cover plate.
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" Table V. Aluminum-6% Silicon Experimental Conditions and Comparison with Calculations.

-

——— ——— — ——————— ———— — —— ——— _— __ _______ _—_—— —

Average : Calculated -
”:‘I.t]: Stress E ux . Re:'ldu?l su:f.“:“: . Extentvol]' i
bp. Expl. (105 hg/m®) Region (6°a) (10 wkg) (10VWm)2 E/CPLSE) T:fl')m Measured . Calculated®
/O 261 - 175 1.83 0.61 146 435 El 0
NE PETNB  2.65 1 .88 L7 0.69 163 485 0 0
I 2.5  2.36 1.10 225 700 6 a
IS° WX . 2,65 I 40w  3.60 2,09 33 1158 1L |
16P PETNB  2.63 - 235 222 0.985 211 647 B2
19 WX 2.64 - 345 3.8 1.7 302 993 nc® 13

3577°C 1sotherm,
DContrast not great enough to permit measurement.

CMi1d steel cover plate. In /P the stress in the cover was less than the transformation
stress of 13.0 GPa. State [ in 15P is the same as state I 1n 11P.
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-t Table YI. ' Irregular Copper Experimental Conditions and Comparison with Calculations.

b Average Calculated .
final Residual max imum Extent of melting
dsnsitya Stress 5IE ﬂax 2 temp. surface temp. (Vol %) a
Exp. Expl. (10° kg/m”) Region (GPa) (10” J/kg) (10" 'W/m)“ E/Cp(°C) T, (°C) Measured Calculated
10p® PETNB 8.84 1 1.48 1.85 0.25 422 495 0
11 2.08 2.57 0.41 587 691 ] v

W
%4i1d steel cover plate. '




Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

FIGURE CAPTIONS
Microstructure of the 4330V steel powder: (a) optical micrograph,
nital etch; (b) scanning electron micrograph.
Microstructure of the aluminum-6% silicon alloy powder: (a) optical
micrograph, sodium hydfoxide etch; (b) scanning electron micrograph
showing surface nbdu1es similar to those found on the steel powder
particles. '
Microprobe scan of a "splat cap.” (a) Scanning electron micrograph
showing the scan 1ine. The splat region shown 1ies on the surface
of a 65 um dfameter particle at right. The 10 uym particle at
Teft provides a convenient endpoint for the microprobe scan. (b)
Silicon distribution along the scan 1ine. The silicon distribution
in the splat cap 1s more homogeneous than in the particles
themselves.
Microstructure of the copper pdwder: (a) optical micrograph; (b)
scanning electron micrograph. Small Powder particles form
aggregates that have a very large specific area.
Assembly'used in the exp16s1ve experiments. Approximately 200 g of
explosive was packed into an acrylic container 5.7 cm in diameter.
The explosive was detonated with a 5.6-cm plane wave Tens and the
detonation velocity was measured with two sets of shorting pins on
efther side of the container.
Microstructure of specimen 1P, showing what appears to be a thin
zone of modified material (arrows) at a powder particle interface.

The structure of the particle interior 1s unchanged.
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Figure 7.

Figure 8.

Figure 9.
Figure 10.

Figure 11.
Figure 12.

Figure 13,

Microstructure of specimen 2P. The formation of three Eegions
near the impact face s caused by the phase transformation in the
mild steel cover plate used in this experiment. The stress in the
copper driver_was 15.0 GPa.. White areas are untempered
martensite. Etched with nital.

Microstructure of specimen 3P, for.which_the_stres§ in the copper
driver was 19.0 GPa. The higher st;ess re1§t1ve'to 2P produces a
thinner region I and significantly mbre-martensite'fqrmation in
region II. -

Detail of martensitic region in speéimen 3P,

Microstructure of specimen 18P, compacted under nominally the same
conditions as 3P, but with a thin 304 stainless steel cover rather
than mild steel. This eliminates the triplex structure seen in
Figs. 7 and 8, but the stainless steel has extruded into pores
near the surface. Although significant microstructural change has
occurred only a few regions appear to be marfénsite (arrows).
Interparticle melt region in aluminum-Gz silicon specimen 7P.
Microstructure of aluminum-6% silicon specimen 11P.- The optical
micrograph (a) shows a modified regfon and the position of the
microprobe scan 1ine. The microprobe scan in (b) shows that
silicon is more homogeneously distributed in the modified region.
This may be compared with the analysis of the splat cap given in
Fig. 3.

Triplex structure in aluminum-6% silicon specimen 11P, compacted
with a mild steel cover. Locally modified material (white areas)

1s apparent in region II.
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Figure 14, Microstructure of aluminum-6% silicon spe;imen 15P in which
Tocally melted matgria] forms a nearly continuous phase between
powder particles that have an essentially unaltered microstructure.

Figure 15. Microstructure of copper specimen 10P. ICOnsiderable material flow
is evident near the impact surface, which is at right.

Figure 16. Position-timg diagram for 4330V spécimen 2P which illustrates the
formation of sever&l regions in the compacted powder for which the
deposited energy 1s different. These differences in energy are
manifested 1n the microstructure as shown in Figs. 7, 8, and 13.
Heavy 1ines denote material 1nterfaces; 11ght 11nes, shock and
release wave fronts; broken jineé, wave-wave Interactions. The
inverse of the slopes of.these Tines are the material and wave
speeds. _

Figure 17. Energy input required to induce surface melting as a functioﬁ of
the particle diameter bf.a'hypothetical monosized 4330V powder,
calculated from the energy flux model. If the residual
temperature following compaction, E/cp. must be less than some
value to preserve the microstructure, then the minimum powder

particle size i{s determined from this plot.
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